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Abstract: Statistical analysis of an expanded database of coronae on Venus indicates that the populations of Type 1

(with fracture annuli) and 2 (without fracture annuli) corona diameters are statistically indistinguishable, and
therefore we have no basis for assuming different formation mechanisms. Analysis of the topography and diameters
of coronae shows that coronae that are depressions, rimmed depressions, and domes tend to be significantly smaller

than those that are plateaus, rimmed plateaus, or domes with surrounding rims. This is consistent with the model of
Smrekar and Stofan [1997] and inconsistent with predictions of the spreading drop model of Koch and Manga

[1996]. The diameter range for domes, the initial stage of corona formation, provides a broad constraint on the

buoyancy of corona-forming plumes. Coronae are only slightly more likely to be topographically raised than

depressions, with Type 1 coronae most frequently occufing as rimmed depressions and Type 2 coronae most
frequently occuring with flat interiors and raised rims. Most Type 1 coronae are located along chasmata systems or
fracture belts, while Type 2 coronae are found predominantly as isolated features in the plains. Coronae at hotspot

rises tend to be significantly larger than coronae in other settings, consistent with a hotter upper mantle at hotspot

rises and their active state.

Introduction

Coronae are circular to elliptical features on

Venus (Figure 1) with diameters of approximately
100 to over 1000 kin, that have been suggested to

form over thermal upweUings [Stofan et al., 1991;
Janes et ai., 1992; Koch and Manga, 1996; Musser

and Squyres, 1997; Smrekar and Stofan, 1997].
Coronae have a range of topographic forms,

including plateaus, plateaus with raised rims, and
rimmed depressions [Smrekar and Stofan, 1997;

Stofan et al., 2001]. Most coronac are also associated
with volcanic features, including edifices and flow
fields in their interiors and exterior flows [Squyrcs et

al., 1992; Stofan et al., 1992].
Recently, the population of coronae was

split into two types: Type 1 coronac, that have aunuli
of concentric ridges and/or fractures; and Type 2
coronae, that have similar characteristics to Type 1

coronae but lack a complete annulus of ridges and
fractures [Stofan ct al., 2001]. A survey of Magellan

image and topographic data resulted in the
identification of 406 Type 1 coronae and 107 Type 2

coronae

(http://webgis.wr.usgs.gov/venus_general.htm)-
Stofan et al. [2001] found in an initial analysis of the

expanded population that Type 2 coronae have a
smaller mean diameter, tend to have relatively flat

interiors surrounded by a topographic rim, and are

more likely to be found in settings isolated from other

types of geologic features.

The updated corona database [Stofan et al., 2001l

presents a unique opportunity to perform rigorous
statistical analyses. The database contains a large
amount of data that come from a remarkably well-

defined population. Here we have the ability, not

only to perform a wide variety of statistical
hypothesis tests, but also validate the underlying
statistical assumptions of those tests.

The goal of the statistical analysis presented here
is to determine which properties of the coronae arc

statistically uniform and which, if any, are different.
There are a variety of factors that could be used to

group coronae, e.g., Type 1 vs. Type 2, diameter,
geologic setting, or topographic characteristics.
Variability in thesecharacteristicsmay indicatethe
influenceof factorssuch as age, thickncssof the

lithosplierc,variationsin plume size, or overall

formation processes. Competing corona formation

processeshave been suggestedinthe litcrature,such
as the model for deformation of thc surfaceby

upwellings[Stofanet al.,1991; Janes ct al.,1992;

Cyr and Mclosh, 1993; Musser and Squyrcs, 1997],
the dclamination modcl of Smrckar and Stofan

[1997], and the spreadingdrop model of Koch and
Manga [1996]. Each of these models make

predictions about factors such as the relationship
between diameter and topographic morphology.

Statisticalanalysis of corona population and

subpopulationdiffcrenccsmay supportone process
modcl versustheotherand substantiatcthe need for

furtherrefinementsofsuch models.
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Stofan et al. [2001] interpreted the Type 2
coronae to have formed by the same process as Type
1 coronae based on their general similarities in

topographic characteristics, overall size range, and
association with volcanism. However, no rigorous

tests were performed to support this hypothesis. In
this study, we focus on the diameter of Type 1 and

Type 2 features and their distractive topographic
signatures to determine ff the t_o types of coronae

are likely to come from the same population. The
diameters of coronae are easily measured and are one

way of characterizing each feature. For now, the

diameters are the only quantitative data we have
available for analysis. If the distributions of corona
diameters are statistically indistinguishable, we

cannot preclude the possibility that the Type 1 and
Type 2 coronae were formed by the same basic

process. Furthermore, until additional data (e.g.,

gravity, or other corona dimensions) show
statistically signficant differences between the corona

types, we have no basis for assuming different
formation processes. Here, we analyze the
relationship between diameter and topographic

group, both in terms of assessing the relationship

between Type 1 and Type 2 coronae as well as model
predictions for corona formation. We also evaluate
how diameter and topographic group relate to the

geologic settings of the coronae.

Coronae Data Base

The 406 Type 1 coronae analyzed in this study

include most of the original population of 360
coronae identified by Stofan et al. [1992], along with

additional features that have been identified through

further analysis of the Magellan data [Stofan et al.,
2001]. Some features from the original population
were also reclassified as Type 2 coronae. The
number of features used here differs from that

presented in Stofan et al. [2001], due to the
reclassification of Isong Corona (12°N, 49.2 °) from a

Type 1 corona to a Type 2 corona, and the deletion of
a duplicate entry. Type 1 coronae were identified

visually in Venera 15/16 and Magellan SAR
(synthetic aperture radar) image data, primarily based
on their distinctive aunnli of concentric ridges and/or

fractures [e.g., Basilevsky et al., 1986; Squyres et al.,
1992]. The diameters (or maximum widths for non-

circular coronae) were determined by measuring to
the outermost extent of concentric deformation. The

smallest feature identified was 60 km across, and the

largest was Artemis Corona, with a diameter of 2600
kin. The next largest corona is Heng-o, with a

diameter of 1060 kin. In the analyses described here,
we did not include Artemis in the Type 1 population,

as it is clearly an outlier, and may have formed by a

ditterem set of processes [Sandwell and Schubert,
1992; Brown and GrimnL 1995].

The 107 Type 2 coronae have less than 180 ° of
fracture annulus, including many features that

completely lack a fracture annulus [Stofan et al.,
2001]. Type 2 coronae were originally called 'stealth
coronae' lTapper, 1997], as not all of them can be

identified using only Magellan SAR (synthetic

aperture radar) images. Instead these features were

identified primarily by their topographic signatures.
Maximum widths were determined by measuring

between the outermost breaks in slope. At Type 1

coronae, the fracture annulus can occur at dittemet

locations with respect to the mired rim (inside,
outside, or coincident). Therefore, we do not expect
any systematic differences to result from the two

methods of measuring maximum width. Further, we
do not interpret the fracture annulus at Type 2

coronae that have partial fracture rims to simply have
been covered by volcanic flooding [Stofan et al.,

2001]. As the fracture armuli at both Type 1 and 2
coronae most commonly occur on a raised

topographic rim, the annuli are not more vulnerable
to burial than the rims.

Statistical Analyses

The primary objective of this study is to ascertain
if the coronae are all part of a single population based
on their diameter, and ff there are statistically

distinguishable subpopulations based on secondary
factors, such as type, geologic setting or topography.
Statistical inferences cannot be used to "prove" such

hypotheses. However, in statistical language, we can
accept hypotheses that are not strictly "precluded".
In order to infer that two samples come from the

same population they must be statistically
indistinguishable, i.e., they must each exhibit the

same sampling distribution (e.g., normal, lognormal,
etc.). In addition to general shape, the two samples
should have similar values for the parameters of the
distribution. The most common parameters for

characterizing a distribution are the mean value,
standard deviation, skewness and kurtosis. If the

shape of the distributions, and the statistical

parameters are indistinguishable, then we have no
reason to suspect different formative processes based
on the data alone. Conversely, if they are different,

we are encouraged to look beyond the statistics into

different physical processes or geologic parameters
for some plausible explanation. The remainder of this
section contains descriptions of rigorous hypothesis
tests conducted on a variety of combinations of the
data contained in the coronae database. For all

hypothesis tests conducted here, we have assumed a

significance level of 5% (et = 0.05). The implication



of this assumption is that there is a 5% probability of

accepting our hypothesis when, in fact, it should be

rejected.

Type I Coronae vs. Type 2 Coronae
We would like to test whether or not the

diameters of the two broad groups of coronae, Type 1

and Type 2, come from the same population. The
motivation for this comparison is to assess whether

the only difference between these two types of
coronae is the existence of, or lack of, surface
fractures. However, before such statistical

comparisons can be made, we must first determine
the probability distributions that best describe the two
data sets. Sumnmry statistics for Type 1 and 2

coronae are given in Table 1 and frequency
histograms of the diameters are shown in Figure 2.

Upon visual inspection of the distributions of
Type 1 and 2 coronae diameters in Figure 2, both

appear to be strongly asymmetric and very peaked.
Skewness is a statistical measure of the asymmetry of
a distribution and kurtosis is a measure of its

peakedness. The so-called standardized forms of
these statistics are often used to facilitate an

immediate evaluation of their significance. The
standardized skewness and kurtosis (as determined

by Statgraphics Pins TM, V4.0) for both data sets is

greater than 2 (see Table 1), indicating significant
deviation from the normal (Ganssian) distribution.

Most standard hypothesis tests assume data that are

normally distributed. It is clear that this common
assumption is violated for the corona data.

The lognormal distribution is the natural choice
for describing asymmetric distributions of geologic
data such as the corona diameters. Some authors

[e.g., Bowen and Bennett, 1988; Johnson et al., 1994]
consider this distribution as imporlant as the normal

distribution based on its wide variety of applications.
Such distributions arise when random effects are

multiplicative in a natural process, effects occur on
multiple scales, or there are mixtures of

subpopulations. For comparison, the lognormal
distribution is also plotted in Figlme 2 along with the
frequency histogram for each data set. Visually, the

lognormal seems to agree quite well with the data.
To confirm that these data are lognormally

distributed, we have conducted a rigorous Z2 test to

determine the goodness of fit. For the Type 1
coronae we have chosen to use 10 bins to best

represent the 'shape' of the distribution. For 10 bins,

the calculated 2 statistic is U = 6.04. To determine

the goodness of fit, we compare this value with the
critical value from the _2 distribution. The Z2

distribution is described by a single parameter, the

degrees of freedom. For this lest, the degrees of
frcedom are found by subtracting 3 (1 each for the

lognormal parameters, mean and standard deviation.

plus 1 more for the g2 degrees of freedom parameter)
from the number of bins used. The critical value is

then found from the cumulative probability for the Z2

distribution with 7 degrees of freedom For our

significance level of ot = 0.05, the critical value is the
location at which the cumulative probability equals

95%, equal to 14.07. The fact that our statistic, U, is
significantly less than the critical value strongly

supports the use of the lognormal to describe Type 1
corona diameters.

Because the Z2 distribution fitting hypothesis test

may be sensitive to the number of bins that are used
to perform the test, we have also looked at other bin
sizes. For all reasonable choices of bins, the test

strongly supports our hypothesis that the Type 1

corona diameters are lognormally distributed.

We have conducted the same Z: goodness of fit

test for the Type 2 corona diameters. In this case we
have chosen 8 bins due to the smaller number of data

points contained in this data set (107 as opposed to

406). For 8 bins, the Z2 statistic U = 3.58. The

critical value from the _2 distribution is 11.1 for _ =

.05 and 5 degrees of freedom. Tlva_fore, the Type 2
diameters are also very strongly lognormal. Again,.

slight changes in the number of bins does not affect
our conclusion regarding the lognormal nature of the
data.

Now that we have determined that both data sets

are lognormal in character, we can proceed to

compare the mean values and standard deviations in
order to ascertain whether significant differences

exist between the two populations. As stated earlier,

most hypothesis tests assume that the sample
populations are normally distributed. Fortunately,
because the data are lognormally distributed, we can

easily transform the corona data such that they are
normal by taking the natural log of the diameters. We
have, therefore, transformed both data sets,
conducted the tests, and then transformed the results

back into original units by exponentiation.
The arithmetic mean value of the transformed

data is identically the geometric mean value of the
untransformed data. Thus, our results are given with

respect to the geometric mean. Note that, in general,
the geometric mean is more appropriate than the

arithmetic mean for asymmetric distributions with
long tails, such as the corona diameters. This is
because the small number of large values in the tail
increases the arithmetic mean such that it does not

adequately characterize the central tendency of the
data.

The Type 1 corouae have a geometric mean
diameter of 220.7 km with a correspundmg 95%
confidence interval of 210.0 - 234.6 kin. The Type 2



coronaehaveageometricmeandiameter of 208.0 km

with a corresponding 95% confidence interval of
188.5 - 229.6 km. Figure 3 illustrates the geometric

mean values for the Type 1 and 2 coronae along with
their associated confidence intervals. There is a

reasonable amount of overlap between these two

confidence intervals indicating that the two mean

values cannot be distinguished statistically.
Similarly, we have examined the standard

deviations by conducting an F-test on the transformed
data. The F-test is the conventional method for

comparing standard deviations. The standard
deviations for the transformed Type 1 and 2
diameters are 0.56 and 0.51, respectively. The test

statistic for comparing two standard deviations is

simply sr12/sr22 = 1.20. The ratio of variances
(standard deviation squared) has an F distribution that

is described by two parameters. Our estimates of
these two parameters, the degrees of freedom, are
found by subtracting 1 from the total number of data

points in each of the data sets being tested. It should
be noted that this is a two-tailed test and that for a

significance level of 5%, the critical value of the F
distribution is found at a cumulative probability of

0.975 [see discussion m Sheskin, 1997]. The critical

value for testing whether the two standard deviations
are the same with a 5% significance level is 1.373,
for (405,106) degrees of freedom. The value of our
test statistic is below the critical value indicating that,

again, the two standard deviations are statistically

indistinguishable.
From the tests conducted above, we have

concluded that the Type 1 and 2 coronae diameters
are both distributed lognormally. More importantly,

both loguormal sampling distributions have the same

shape and parameters. Thus, based on the distribution
of corona diameters alone, there is no evidence to

suggest the possibility of different formative

processes for Type 1 and Type 2 coronae.

Topographic Subgroup Comparisons

Type 1 and 2 coronae have been classified into
nine topographic groups, with group 3 having two

subeategories: 1) domes; 2) plateaus; 3a) rimmed
plateau; 3b) rim surrounding an interior topographic

high; 4) rim surrounding depressions; 5) outer rise,
trough, interior high; 6) outer rise, trough, rim,

interior depression; 7) rim only; 8) depressions; and
9) no discernible topographic signature [Smrekar and
Stofan, 1997; Stofan et al., 20011. As seen in Table

2, group 4 (rimmed depressions) is the most
commonly occurring Type 1 corona. Group 3b (rim

surrounding raised interiors) follows group 4 with
just over half as many coronae. In contrast (see
Table 3), Type 2 coronae are dominated by

topographic groups 7 (rim only) and 4, with 7

containing over twice as many coronae as 4.
Combining the Type 1 and 2 coronae, topographic

group 4 is by far the most commonly occurring
corona on Venus. Figure 4 shows these relationships

graphi_ly.
While overall the Type 2 coronae do not appear to

be fundamentally different than the Type 1 coronae,

the lognormal distribution is sometimes indicative of

multiple processes occurring at different scales.
Because the database already contains logical

subclassifications according to topographic subgroup

and geologic setting we can begin by comparing the
distributions of diameters between these groups. Of

course, there will always be some features that are

ambiguous as to which topographic group they
belong, or perhaps even whether or not they are Type

1 or 2. This is precisely why we use statistics to
quantify our uncertainty and to help us distinguish
differences between subpopulations. Our objective is

to determine if there are any factors that sets one or

more of these subgroups apart from the others.
As with the analyses discussed above, we must

determine the probability distributions that best
describe each of the topographic groups before

statistical comparisons can be made. Again, the

subgroup data are all non-normal in character,
however, hypothesis tests can still be performed by
nsing appropriate data transformations. We would
like to combine the Type 1 and Type 2 data for each

subgroup. Unfortunately, only topographic groups 4
and 7 contain enough Type 2 features to perform a

meaningful comparison to Type 1.

Figure 5 shows Type 1 and 2 diameter data for
subgroups 4 and 7 where the data have been

transformed by taking the natural log. This
transformation results in roughly normal distributions
for all four subgroups. To test whether or not the
normal distribution is appropriate for the transformed

data, we conducted a set of rigorous X:, goodness of

fit tests on each subgroup for ot = .05. Because the

results of the X2 hypothesis test may be dependent

upon binsize [Sheskin, 1997], we have taken into
consideration a variety of approaches to optimal

binning [ScotL 1979, Sheskin, 1997] to determine our
"best estimate" for the number of bins, keeping in

mind that there is no way to know the "correct"
number of bins. Tables 2 and 3 indicate whether or

not the normal distribution can be accepted or

rejected for each choice of binsize (all subgroups but
6 have been tested for Type 1 coronae). The third
column in the tables indicates our best estimate of the

optimal number of bins for assessing the normality of
the distribution. The fourth colunm indicates the X:

results for the optimal number of bins, and the last
two columns give an indication of the sensitivity of
our conclusions to the number of bins used m the



X2test. Subgroups not assessed m the tables are too
sparsely populated to conduct meaningful distribution
fits (i.e., no distribution can be precluded). For every

subgroup tested, at least one choice of binsize
resulted in acceptance of the normal distribution.
From these tests, we conclude that the normal

distribution cannot he precluded for any of the
individual transformed data sets.

Figure 6 compares the geometric mean values for
subgroups 4 and 7, along with corresponding 95%
confidence intervals. It can he seen that there is

significant overlap in both cases. Based on this
simple analysis, we will proceed under the
assumption that the Type 1 and Type 2 corona
diameters within individual subgroups are

statistically indistinguishable. The Type 1 and 2
coronae are, therefore, combined for the remainder of

this analysis. Figure 7 shows the combined
transformed diameters for each topographic

subgroup. We are now able to compare the
individual subgroups for statistical differences.

In general the group of inferential statistical

procedures employed to evaluate whether or not there
is a difference between more than two mean values

are called analysis of variance (or ANOVA in the
statistical literature). Within the confines of

ANOVA, there are a variety of hypothesis tests that

can he called upon to test the significance of
differences between the mean diameter values of the

topographic subgroups. Three such tests are Fisher's
least significant difference (LSD), Bonferroni-Dunn
and Scheff6 [Sheskin, 1997]. Each test has its

strengths and weaknesses. If we think in terms of
confidence intervals, these tests will generate an
interval around the mean diameter value for each

subgroup and then evaluate the degree of overlap
between the intervals. These confidence intervals

take into account the reduced degrees of freedom
resulimg from the simultaneous estimation of means
and standard deviations for multiple data sets. The

magnitudes of the intervals generated by each

approach vary somewhat due to consWaints on the
significance levels for the tests.

In broad terms, Fisher's LSD intervals are the

tightest (or smallest). This means that this test is the

most powerful for being able to distinguish between
statistically different populations. With this test, the
risk of concluding two means are the same, when in

fact they are not (a Type II error in statistics,
unrelated to Type 2 coronae), is reduced. However,

this approach simultaneously increases the possibility
of rejecting the overlap of two means when in truth

they may be the same. At the other end of the
spectmln, Scheff_ intervals are larger in magnitude
than the LSD intervals. This means that there is

greater possibility for overlap between subgroups. Of

course, simultaneously, the chance of accepting the

overlap of two means, when in truth they are
different,also increases. The magnitude of the

Bonferroni-Dunnintervalsgenerallyfallsomewhere

between the LSD and Scheff_.

The approach we have taken to compare the

subgroups isto calculatethe 95% intervalsby all

threeapproachesdescribedabove.We have excluded

topographicgroup 6 (outerrisessurroundingtroughs

and innerlows)from comparativeanalysisbecauseit

istoo sparselypopulated. For the actualANOVA,
we haveused thetransformeddata.

Table 4 illustratesthe overlapinthe confidence

intervalsaround the mean diameters between

subgroups forallthreetests.Fortunately,the results

of all three testsare consistentwith each other.

Figure8 shows the geometricmean valuesand 95%

Bonfermni intervals for each group, in the original
units (kin). We can see that there is substantial

overlap between some groups, and none between
others. From Table 4 we see that the LSD re_'ults

strongly support the same conclusions as the
Bonferroni. Even with the conservative Scheff6

intervals, there is no overlap between subgroups 1, 4,
8 and 9 with 3a, 3b and 5.

From these analyses, we conclude that coronae
that are rimmed depressions, depressions and domes

(groups 4, 8 and 1) tend to he significantly smaller.
Coronae that are plateaus, rimmed plateaus, or have

rims surrounding central domes (groups 2, 3a, 3b and
5) tend to he larger. With the exception of domes

(group 1), all the topographic groups with raised
interiors are systematically larger.

Geologic Setting Comparisons
All coronae have also been classified according

to the geologic setting in which they occur. Coronae
occur predominantly in three geologic settings: along
chasmata or fracture belts (group F), at hotspot rises

(R) and as isolated features in the plains (P). Of the
513 combined Type 1 and 2 coronae, 3 occur on
Lakshmi Planum (a volcanic highland plateau), and

only 5 in the tessera. All 8 of these coronae are Type

1. As they are rare, coronae in these settings have not
been included in the following analyses.

Of the remaining 505 coronae, 62% occur along
fracture belts, 25% are isolated in the plains, and 11%

are found at rises. Figure 9a shows the distribution of

all coronae according to both topographic group and

geologic setting. From this figure, we can see that
for all topographic groups except 7, most coronae are
found along chasmata (F). Group 7 coronae,

however, are preferentially found isolated from other
types of geologic features in the plains (P). Figure 9b
illustrates the distribution of coronae found along

chasmata and at hotspot rises in a slightly different



way. Here, the frequencies of occurrence for the

topographic groups are shown as percentages of all
coronae found in each setting. With the data

presented in this way, we can see that Group 4
coronae occur more frequently along chasmata than
at hotspot rises, with plateaus (2) and rimmed

plateaus (3a) slightly more common at hotspot rises.
We can also break down this analysis further to

examine the frequency of occurrence for the Type 1
and 2 coronae individually. From Figure 10a we can

see that the distribution of Type 1 coronae is very
similar to the combined distribution owing to the

large number of features. The primary differences

between Figures 9a and 10a are in topographic
groups 4 and 7, where most of the Type 2 coronae

occur. Figure 10b shows the distribution of Type 2
coronae. Here we can clearly see the apparent

preference of the Type 2 coronae to form in the

plains as opposed to along chasmata, not only for
topographic group 7, but for group 4 as well.

Just as we did for the topographic groups, we can
also look for fundamental differences between the

diameters of coronae found in the three most

populated geologic settings. For this comparison,
we have combined the Type 1 and 2 coronae and
calculated the 95% LSD, Bonferroni, and Scheff6

intervals around the geometric mean value for each
subgroup. Figure 11 shows the mean values and
associated Bonferroni confidence intervals for the

three geologic setting subgroups. Regardless of
whether LSD, Bonferroni or Scheff_ intervals are

used, the conclusions are the same. There is

convincing overlap between the F and P subgroups,
while the hotspot rise coronae are systematically

larger.

Discussion

Coronae were originally identified as commonly

having raised topography (e.g., Basilevsky et al.,
1986; Pronin and Stofan, 1990). However, it can be
seen from Tables 2 and 3 that the 184 coronae that

are depressions (Groups 4, 6, and 8) are similar in
number to the 226 that are topographically raised

(Groups 1, 2, 3a, 3b and 5). A hypothesis test of

binomial proportions with _ = .05 indicates that, for
410 coronae (excluding Topographic Groups 9 - no

topographic signature, and 7 - neither raised nor
depressed), an interval of equal probability can be
defined between 185 and 225. Because the numbers

of raised and depressed coronae are just outside the
interval, this implies a slight deviation from an equal

probability (50/50) of occurrence. One can easily
argue that coronae that are depressions may be just as

likely to occur on Venus as those that are raised.
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The abundant volcanism associated with coronae,

as well as the assumption of raised topography, led
most workers to utilize models of origin associated

with thermal upwelling [Stofan et al., 1991; Janes et
al., 1992; Koch and Manga, 1996; Musser and
Squyres, 1997; Smrekar and Stofan, 1997].

However, the greater abundance of coronae with flat

or low interiors puts even greater emphasis on the
need for fully understanding how all topographic

expressions are produced. Downwelling models were
originally assessed and rejected by Stofan et al.

[1991] due to difficulties in producing the observed
volcanism and extensional deformation. Upwelling

models can produce topographic depressions ff there
is significant crustal thinning [Koch and Manga,

1996], thinning of a depleted mantle layer [Smmkar
and Parmentier, 1996; Smrekar and Stofan, 1997], or
active delamination, initiated by viscous coupling of

the cold lower lithosphere to flow at the margins of a

plume head [Smrek_ and Stofan, 1997].
All models of upwelling plumes are consistent

with an increase in size from the initial dome created

above a plume head to plateau due to spreading of the

plume head under the lithosphere. Beyond this
phase, the two models that predict both raised and

depressed topography, Koch and Manga [1996] and
Smrekar and Stofan [1997], make quite different

predictions about the predicted size of coronae.
Analyses of the corona diameters conducted here can
be compared to the predicted size progressions of

these models to determine which model provides a
better fit to the observations.

The data indicate that coronae with domes,

depressions, and rimmed depressions are smaller than
those that are plateaus, rimmed plateaus, and rims

surrounding central topographic highs. The
spreading drop model of Koch and Manga [1996]

predicts that, for a given crustal thickness, diameters
become progressively larger as coronae progress
from dome to plateau to rim only to rimmed
depression. For a given example representative of

typical corona diameters, the dome stage is a little
larger than half the diameter of the final rimmed

depression stage [Koch and Manga, 1996]. Clearly

this progression of sizes is not apparent in the data.
Nor is the expected trend seen when one normalizes
for variations in crustal thickness [Smrekar and

Stofan, 2002].
The observation that domes and topographic

forms with flat or depressed interiors are significantly

smaller than plateaus with a wide range of variations
is consistent with model predictions of Smrekar and
Stofan [1997]. Depressions are formed in one of two

ways. By the first mechanism, depleted mantle is

thinned over a rising plume, producing a depression
approximately the same size as the dome that would



be produced in the absence of a low density depleted
mantle layer. Thinning of a low density depleted

mantle layer produces a depression as the density of
the overall lithospheric column is reduced [Smrekar
and Parmentier, 1996]. In the ,second mechanism,

viscous coupling between the cold, dense, lower
lithosphere and the edge of the plume head initiates
delamination. The delaminating lower lithosphere

forms a ring that migrates in to the center of the

corona, causing an interior depression similar in size
to the original dome [see Figure 3., Smrekar and

Stofan, 1997]. If a depleted mantle layer is present,
isostatic rebound of the thickened depleted mantle

layer occurs once the delamination ceases due to

thermal equilibration of the cold lower lithosphere.
This isostatic rebound produces a rim only corona.
This topographic form could also be produced by
isostatic rebound of a thickened crustal layer. Rim

only coronae can be larger than coronae actively

undergoing delamination becau_ the balance of
forces changes as delamination ceases, allowing
minor outward migration of the isostatically

rebounding ring. Analysis of the gravity signature of
numerous Type 2 rim only coronae confirms the

importance of compensation due to a density
interface, most likely a crustal layer [Smrekar and

Stofan, 2002].
All corona models indicate that domes are the

first stage of evolution. When there is no plate
motion, the dome radius and height are a function of

the initial plume buoyancy and the viscositycontrast
between the plume and surrounding upper mantle

[Olsen and Nam, 1986; Musser and Squyres, 1997;
Ribe and Christensen, 1999]. The plume buoyancy is

the product of the plume size and density contrast due

to thermal and any chemical variations between the

plume and the surrounding mantle. The viscosity
contrast primarily controls the degree of spreading of
the plume head under the lithosphere [Musser and

Squyres, 1997]. Thus for domes, where little
spreading has occurred, the plume buoyancy should
be the dominant variable. Variations in the thickness

of the lithosphere primarily affect the axial height of
the topographic swell and the degree of melting, and
have only a secondary influence on the radius of the

swell [e.g. Olsen and Nam, 1986; Smrekar and

Parmentier, 1996].
Thus we can use the statistics on dome diameters

to provide a general constraint on the range of plume
buoyancy and viscosity contrast. Using the natural

log transformation appropriate for a lognormal
distribution, we find that 95% of domes have a

diameter in the range of 69 - 46 [ km. The work of
Olsen and Nam [1986], which uses a combination of

laboratory experiments and analytic equations to

parameterize the behavior of rising blobs, focuses on

the initial uplift phase of the swell deformation and is

perhaps the most applicable to the formation of

corona domes. For a given mantle viscosity and

plume density contrast, Olsen and Nam [1986] find
that the initial plume size is directly proportional to
the dome diameter. Thus the range of a factor of 6 -

7 in dome diameter reflects a similar range in the

plume buoyancy, and could reflect variations in the
size, density contrast, or both in the initial plumes

that form coronae. Uniform upper mantle viscosity is

probably a reasonable assumption, and density
contrast and size can be interchanged. Musser and

Squyres [1997] estimated a more limited range of
initial plume variation, a factor of 3, based on

considering the range of concentric corona diameters
and including the effects of the plume head

spreading. The strength of the statistical analysis of a
larger group of coronae and the focus on domes alone
should produce a more accurate number. This value

could be further refined by considering the dome

heights and estimating their compensation state to
determine if they are actively supported by plumes.

Coronae in Topographic Group 9, those with no

distinct topographic signature, are significantly
smaller than plateaus, rimmed plateaus and rims

surrounding central domes. These features are likely
amongst the oldest coronae, with any prior

topography fully relaxed. Since they overlap in size
with domes, rimmed depressions, rim only, and

depressions, they may be very late stage forms of
these coronae in which all topography has relaxed.

Additionally we have determined that there is
statistically no difference between the mean and
standard deviation of the diameters of Type 1 and

Type 2 distributions. We interpret this resulL along

with strong similarities in topographic morphology
and associated volcanism, to indicate that these

coronae are likely to have formed by the same

process or processes. However, the two types of
coronae do have some variations with respect to their
abundance in geologic settings and classes of

topographic morphology, as well as in the
completeness of their annnli of fractures (by
definition). As discussed in Stofan et al. [2001], Type

1 coronae are found most frequently along fracture
belts and chasmata. Type 2 coronae are more likely

to be found in plains regions, and are more likely to

be rim only coronae, consistent with a depleted
mantle layer underlying the plains [Smrekar and
Stofan, 1997; Stofan et al. 2001]. Most Type 2

coronae are rim only coronae, followed by rimmed
depressions. Analysis of the gravity signature for

Type 2 rim only coronae indicates that they axe
compensated by a density interface, such as a crustal

or depleted mantle layer [Smrekar and Stofan, 2002].



Most Type 1 coronae are rimmed depressions,
followed by rims surrounding interior domes.

The lack of an annulus at Type 2 coronae may

result from: 1) a strong lithosphere and low stress at
the surface or 2) slow bending of the surface resulting
in a low strain rate [Stofan et al., 2001]. The gravity

signature of Type 2 coronae indicates that they form
on the full range of lithospheric thickness found on
Venus, thus indicating that strength of the lithosphere

is not likely to be the discriminating factor [Smrekar
et al., 2002; Sna, ekar and Stofan, 2002]. The gravity

signature of rim only coronae can be interpreted to
indicate that rim only coronae are either isostatically

compensated or undergoing isostatic rebound
[Smrekar and Stofan, 2002]. This is most consistent

with slow bending of the lithosphere in response to
isostatic rebound [Smrekar and Slofan, 2002].

Coronae at hotspot rises occur more frequently as

plateaus and rimmed plateaus. These shapes are
indicative of the earlier stages of corona formation

[Koch and Manga, 1996; Snu'ekar and Stofan, 1997],
which is consistent with the fact that hotspot rises are

still likely to be active [Smrekar, 1994; Stofan et al.,

1995]. Coronae at hotspot rises also tend to be larger

than coronae in the plains or along chasmata. Low
values of elastic thickness ha,_e been derived at

venusian hotspot rises [Smrekar, 1994; Phillips et al.,
1997; Simons et al., 1997; Smrekar et al., 1997;
Barnett et al., 2000]. This implies a higher thermal

gradient in the lithosphere and hotter mantle below
rises. The higher upper mantle temperature lowers

the viscosity and allows plumes to spread farther
under the lithosphere, producing larger coronae

[Musser and Squyres, 1997; Ribe and Clmstensen,
1999].

Conclusions

The updated corona database provides us with
the oppommity to perform detailed statistical

analyses of diameters, geologic setting, and
topographic factors. The underlying assumptions of

all statistical tests applied in this paper have been
rigorously verified. More importantly, we are able to
use these analyses to characterize corona

subpopulations, which in turn can then be used to

support or refute models of corona origin. Here we
have investigated the nature of the diameter
distributions and their parameter values to detennine
which combinations of factors lead to distinct

populations or subpopulations. Our analysis indicates
that both Type 1 and 2 corona diameters can be

described by a lognormal distribution with

parameters that are statistically indistinguishable.
While these two corona types are fundamentally
different in appearance, there is no compelling reason

8

to contemplate different formative processes. Indeed,

it is legitimate to combine the data into a single

population.
There are enough coronae to perform a similar

analysis on topographic groups 4 and 7 (coronae that
are rimmed depressions or coronae with flat interiors

and raised rims, respectively) and to validate the

lognormal distribution for the sub-pepulations.
Simultaneous comparison of mean values between

the topographic subgroups using ANOVA techniques
shows that coronae that are depressions, rimmed

depressions, and domes tend to be significantly
smaller than those that are plateaus, rimmed plateaus,
or domes with surrounding rims. The size distribution

of corona within each topographic group provides a
new constraint on models of corona formation.

Specifically the distribution of diameters supports the
delamination model of Smrekar and Stofan [1997]

and counters the predictions of the spreading drop
model of Koch and Malaga [1996]. The diameter

range for domes, which represent the initial stage of

uplift, provides a general constraint on the buoyancy
of corona-forming plumes.

Similarly, corona size classified by geologic

settings were analyzed using simultaneous inference
methods. Here it has been shown that coronae at

hotspot rises are systematically larger than coronae in

other settings. This is consistent with the thinner
elastic lithosphere and hotter mantle at hotspot rises
and their active state. Conversely, there is no size
difference between coronae in plains and fracture

belts, suggesting uniform upper mantle temperatures
and viscosities between these two settings.

Coronae are slightly more likely to be

topographically raised than depressions, with Type 1
coronae most likely to be rimmed depressions and

Type 2 coronae most likely to have fiat interiors and
raised rims. Most Type 1 coronae are located along

chasmata systems or fracture belts, while Type 2
coronae are found predominantly as isolated features
in the plains. We are in the process of relating these
differences to other corona variables, such as gravity

signature.
This analysis provides a sound basis for pursuing

further theoretical studies to explain significant
differences in the data in terms of physical processes.

It also encourages the collection of more detailed
measurements of other variables (e.g., rim heights,

widths, depression depths, elevations) that can be
used to further refine our understanding of the
differences between different types of coronae.
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Table1.Sumnmr_Statistics
Statistic Type 1 Type 2 Combined
Count 406 107 513
Mean 256.8 km 236.8 km 252.6 km

Geometric Mean 220.7 km 208.0 km 218.0 krn

Standard Deviation 150.9 lan 127.8 km 146.5
Standardized Skewness 12.6 5.8 14.1
Standardized Kurtosis 12.7 4.1 14.2

Table 2. T_ff_e 1 Coronae

Topographic # of features

Group

'best' # of bins 'best' answer 'best' + I bin 'best' - 1 bin

TGI 30 6 accept accept accept
TG2 52 7 accept accept accept

TG3 a 39 7 accept reject accept
TG3b 64 8 accept reject accept

TG4 111 8 accept accept accept
TG5 22 6 reject accept accept

TG6 5 4
TG7 31 6 accept accept accept

TG8 39 7 accept reject accept

TG9 13 5 accept accept accept

Table 3. T_e 2 Comnae
Topographic # of features

Group

't,est' # of bins 'best'answer 'best' + I bin 'best'- 1 bin

TG1 0 -
TG2 7 4

TG3a 7 4
TG3b 5 4

TG4 25 6
TG5 0 -

TG6 0 -
TG7 58 6
TG8 4 4
TG9 1

accept accept accept

reject accept reject

Table 4. Results of ANOVA for overlapping 95% confidence intervals. Topographic groups are listed in order of

increasm_ mean diameter.

Topographic LSD Bonferroni Scheff_

Group
TG8 x x ×

TG9 x xx xxx

TG4 x x xx

TG1 x xx xxx

TG7 x xx xxx

TG2 xx xx xx

TG3b x x x

TG3a x x x

TG5 x xx x
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Stofan, E.R., S.W. Tapper, J.E. Guest, P. Grinrod, and S. E.
Smrekar, 2001, Preliminary analysis of an expanded
corona database for Venus, Geophys. Res. Lett. 28, 4267-
4270.

Tapper, S.W., 1997, A Survey and Investigation of
'Stealth' Coronae on Venus: Distribution,

Morphology, and Stratigraphy. Lunar Planet. Sci.
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Figure Captions

Figure 1. Magellan radar image of a corona centered
at 11.5°N latitude, 244°W longitude. The corona

is a Type 1 corona with a raised rim and interior

topographic high.
Figure 2. Empirical distributions of diameters for (a)

Type 1 and (b) Type 2 coronae. Lognormal

probability distributions are also shown for
comparisoll.

Figure 3. Comparison of Type 1 and Type 2
geometric mean diameters with confidence

intervals (see text for discussion). Overlap in
confidence intervals indicates no statistical

difference in the geometric mean values.

Figure 4. Illustration of relative frequency of
occurrence for each topographic subgroup.
Frequencies are shown for each corona type

individnally, as well as for the pooled data. The
vertical axis indicates the number of coronae in

each category.
Figure 5. Empirical distributions of corona diameters

for Topographic Groups (a) 4 (Type 1), (b) 4
(Type 2), (c) 7 (Type 1), and (d) 7 (Type 2). All

diameters have been transformed by taking the
natural log.

Figure 6. Comparison of Type 1 and Type 2
geometric mean diameters with confidence
intervals for Topographic Groups (a) 4 and (b) 7.

Overlap in confidence intervals indicates no
statistical difference in the geometric mean
values.

Figure 7. Empirical distributions of combined Type
1 and 2 corona diameters for Topographic

Groups (a) 1, (b) 2, (c) 3a, (d) 3b, (e) 4, (f) 5, (g)
6, (h) 7, (i) 8, and (j) 9. All diameters have been

transformed by taking the natural log.
Figure 8. Results of ANOVA for topographic groups.

Figure illustrates the geometric mean diameter

and 95% Bonferroni interval for each subgroup
(Type 1 and Type 2 coronae have been combined
for this analysis). The topographic groups fall

into two distinct diameter ranges, with group 7
transitional between the two.

Figure 9. Illustration of the frequency of occurrence
for each topographic subgroup by geologic

setting. Frequency distributions are shown for
Type 1 and Type 2 coronae where the vertical
axes indicate (a) the number of coronae in each

category and (b) the relative occurrence of the

topographic groups within each geologic setting.
Figure 10. Illustration of the frequency of

occurrence for each topographic subgroup by

geologic setting. Frequency distributions are

shown for (a) Type 1 and Co) Type 2. The
vertical axis indicate the number of coronae in

each category.
Figure 11. Results of ANOVA for geologic settings.

Figure illustrates the geometric mean diameter
and 95% Bonferroni interval for each setting

(Type 1 and Type 2 coronae have been combined

for this analysis).
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